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(54) IMotion analysis system 

(57) A device comprised of at least a pair of acceler- 
ometers and a tilt sensor mounted in fixed relation to a 
datum plane defining surface (sole of a shoe) may be 
used for extracting l<inematic variables including linear 
and rotational acceleration, velocity and position. These 
variables may be resolved into a selected direction 
thereby permitting both relative and absolute kinematic 
quantities to be determined. The acceleration is deter- 
mined using a small cluster of two mutually perpendicu- 
lar accelerometers mounted on a shoe. Angular 
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orientation of the foot may be determined by double 
Integration of the foofs angular acceleration (which 
requires a third accelerometer substantially parallel to 
one of the two orthogonal accelerometers). The two 
orthogonal accelerations are then resolved into a net 
horizontal acceleration or other selected direction which 
may be integrated to find the foot velocity in the selected 
direction. The average of the foot velocity corresponds 
to the subject* s gait speed. 
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Description 

Cross Reference to Related Applications 

[0001] The present application is a contlnuation-ln- 5 
part of United States patent application serial no. 
08/949.472, filed October 14, 1997. 

Field of the Invention 

10 

[0002] The invention relates to a method and appa- 
ratus for measuring gait kinematics such as, for exam- 
ple, acceleration, velocity and position of gait based on 
foot movement analysis. 

15 

Background of the invention 

[0003] The measurement and characterization of 
gait (i.e. human or animal) is performed by a wide range 
of methods. At one. end of the scale is the measurement 20 
and analysis possibilities 'found in a well equipped bio- 
mechanicai lab. The equipment in these iabs typically 
includes automated 3D optical measurement systems, 
force plates and physiological output indicators. The 
output from these transducers are fed into a central 25 
computer that enables a wide range of analysis and dis- 
play possibilities. At the other end of the spectrum is the 
simplified analysis performed with a ruler, stopwatch 
and trained clinical observations. 

[0004] The reasons determining gait kinematic 30 
properties (such as acceleration, velocity and position) 
range from: (i) personal interest, (ii) training and per- 
formance considerations of the serious athlete, (iii) 
rehabilitation of the disabled or (Iv) for the design and 
analysis of footwear. 35 
[0005] From an athletic point of view, runners, jog- 
gers and walkers often like to know how far they have 
journeyed and how fast they have traveled, but have had 
only limited cumbersome ways to measure distance and 
speed. Distance can be measured after the fact with a 40 
calibrated bicycle or automobile or by traveling on a 
known premeasured route. For determining one's 
speed, a simple approach is to travel a known, fixed dis- 
tance on a track or road and then record the length of 
time required to cover the distance. This method suffers 45 
from several limitations including (i) limited walking/run- 
ning routes, (ii) speed indication at measured intervals 
only and (iii) only an average velocity is determined over 
the given distance. 

[0006] There are a number of portable pedometers so 
that attempt to tackle the problem of measuring both 
distance and velocity. However, they have feiled to gain 
wide spread use, because these devices are essentially 
limited to stride counting. Distance and speed can only 
be estimated if stride length consistency is assumed. 55 
This approach is inaccurate because an individual's 
stride length changes considerably from day to day or 
even within one session due to changes in tenrain. 
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fatigue, interval training, or other factors. 
[0007] U.S. patent no. 3,355,942 discloses a ped- 
ometer that counts strides based on compression 
cycles in a bellows under the heel and then estimates 
distance based on average stride length. The invention 
described in U.S. patent no. 4,741,001 uses a spirit- 
biased pendulum to count strides. The pedometer dis- 
closed in U.S. patent no. 4,649,552 uses a step sensor 
sealed into an insole to count strides. The pedometer of 
U.S. patent no. 4,651,446 counts strides by detecting 
flexion of the instep. Other counting pedometers include 
those under U.S. patent no.'s 5,117,444, 5,065,414. 
4,855,942, 4,510,704, 4,460,823, 4,371,945, 
4,322,609, 4,053,755, 3,818,194 and 3,635,399. 
[0008] The majority of the patented pedometers are 
simply different methods of stride counting and do not 
address the problem of varying stride length. However, 
a pedometer listed under U.S. patent no. 4,371,945 
uses ultrasonic emitters and sensors on alternate legs 
to measure the maximum distance between legs during 
each stride. While this is a significant improvement, this 
is only suitable for simple, low-speed gait patterns (no 
flight stage) and requires two sets of transducers; one 
on each leg. 

[0009] U.S. patent no. 5,097,706 describes a device 
for taking measurements of various components of the 
movement of a horse. The device carries six accelerom- 
eters disposed to measure accelerations along the x, y 
and z axis. 

[001 0] Another U.S. patent no. 5,724,265 teaches a 
device that measures distance traveled, speed and 
height jumped of a person while running or walking. The 
device includes accelerometers and rotational sensors. 
[0011] The broad concept of using accelerometers 
for determining the velocity and distance traveled, for 
example by athletes, is also described in German Pat- 
ent 4,222,373. This patent describes the use of an 
accelerometer and integration to determine velocity and 
route or position. This device apparently processes 
acceleration data continuously and thus has an accu- 
mulated en-or from drift so that in very short period of 
time, the resulting data contains significant inaccura- 
cies. The inventor indicates that this device is useful for 
skiers, surfers, sailors, cyclists, etc. and thus is not 
related to a striding device or for measuring the kine- 
matics of striding and would not be effective for that pur- 
pose. 

[0012] The Russian Patents 862074 and 885879 
both by Volkov describe the attempts to overcome accu- 
mulated error in acceleration measuring devices by 
using a bar generator in combination with a summator 
and integrator. This described device does not make 
use of updated reference points and is thus also prone 
to accumulated drift. 

[0013] A paper entitled "Estimation of Speed and 
Inclination of Walking Using Neural Networks" by Amin- 
ian et al.. Published in the IEEE, Transactions on Instru- 
mentations and Measurements; Volume 44 #3, June 
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1995, describes a portable data logger designed to 
record body accelerations during walking and uses 
three orthogonal accelerometers placed on the waist- 
belt to measure forward, vertical and heel acceleration. 
By means of neural networks, it correlates the recorded s 
signals to the desired gait velocity and angle of incline. 
The generality of this method is questionable and no 
other gait information Is produced. 

Brief Description of the Present Invention io 

[0014] The purpose of the device described herein 
Is to provide a means to measure and display several 
gait parameters (that may Include Instantaneous and 
average accelerations and velocities as well as total dis- is 
tance traveled) by means of a simple, low-cost, portable 
device that can accommodate a wide variety of gaits 
and varying stride length. The device can be used for 
human or animal study. 

[0015] The present invention measures various 20 
results about each individual stride rather than assum- 
ing a given fixed length. With suitable signal processing, 
the device can accurately determine velocity and dis- 
tance traveled. The present invention can be modified to 
give many other useful indicators to the user such as 25 
pronation angles and impact forces. Because it is based 
on acceleration measurements and analysis, it inher- 
ently contains data that correlate directly to impact 
forces. When integrated, the acceleration data yields 
both Instantaneous and average velocity A second Inte- 30 
gration of these signals yields distance information such 
as, for example, total distance traveled, stride length 
and height of foot off the ground. Other relevant pieces 
of information include stride rate (ie. cadence) and peaic 
foot velocity. The invention also has the potential to 35 
measure biomechanic parameters such as force of 
impact and gait sway and can be used for off-angle feet. 
[0016] In broad terms, the present invention relates 
to a method of determining gait idnematics for a subject 
in each of a plurality of strides comprised during each 40 
stride-(fefining a fresh datum plane, determining angles 
between a pair of accelerometers and said datum 
plane, said pair of accelerometers being adapted to 
measure acceleration in two directions, the two direc- 
tions being separated by a known angle of greater than 45 
Of, and being adapted to measure acceleration in a 
plane of motion substantially perpendicular to said 
datum plane, measuring acceleration in said plane of 
motion in said two directions, converting said accelera- 
tions to provide determination of a gait kinematic result so 
for each said stride. 

[0017] The two directions are preferably separated 
by an angle of between about 45/ to 135/ and more pref- 
erably are substantially mutually perpendicular to facili- 
tate determination of the gait kinematic result. ss 
[0018] The gait kinematic result can be, for exam- 
ple, details of foot motion, acceleration in a selected 
direction, velocity in a selected direction or distance in a 



selected direction. The selected direction is preferably 
either, parallel to the datum plane and in said plane of 
motion or perpendicular to said datum plane and in said 
plane of motion. 

[0019] The gait kinematic result can be integrated 
to provide further gait kinematic results. As an example, 
acceleration in a selected direction can be integrated to 
determine velocity in a selected direction. In addition, 
velocity in a selected direction can be integrated to 
determine distance traveled in a selected direction. 
[0020] The fresh datum plane is preferably defined 
when the pair of accelerometers are at a selected posi- 
tion relative to the datum plane. In particular, preferably, 
it can be determined that the pair of accelerometers are 
in the selected position by monitoring for foot impact 
with a surface just prior to the stance phase of the gait. 
The impact is defined by, for example, a rapid decelera- 
tion as determined by the pair of accelerometers or by a 
switch etc. actuated by impact. In one embodiment, the 
fresh datum plane is defined at impact plus 0.1 sec- 
onds, which is an estimate of the time, in a normal run- 
ning stride, when the a sole plane of the foot is at rest on 
a surfiace in the stance phase of the gait. At this point, 
the angle between the accelerometers and the datum 
plane is reset to its original selected value. The original 
selected value defines the angle between one of the 
accelerometers and the datum plane, when the foot Is at 
rest or in the stance phase. For example, where one of 
the accelerometers is positioned parallel to the datum 
plane during stance phase, the original selected value 
will be zero. 

[0021] The duration of a stride (ie. when a stride 
begins and ends) can be determined in any suitable 
way. In one embodiment, the stride is determined to be 
the activity between when the pair of accelerometers 
are at a selected position relative to the datum plane. In 
a prefenred embodiment, the beginning and end of a 
stride are determined by observation of impact between 
the foot and a surface. 

[0022] Preferably, the method includes further steps 
for correcting for drift error. 

[0023] In one embodiment, the subject's mass is 
determined and used to determine impact force. 
[0024] In another embodiment, the method includes 
measuring acceleration in a lateral direction out of the 
plane of motion and converting said accelerations 
measured by the pair of accelerometers and the lateral 
accelerometer to provide determination of a gait kine- 
matic result. 

[0025] Broadly the present invention also relates to 

a device for measuring gait kinematics comprising 
means for mounting a pair of accelerometers in a fixed 
relationship to a datum plane defining surface and said 
pair of accelerometers being adapted to measure accel- 
eration In two directions, the two directions being sepa- 
rated by a known angle of greater than 0/, means 
defining a datum plane for each stride for which said 
gait kinematics is measured as a plane occupied by 
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said datum plane defining surface when said datum 
plane defining surtece is in a substantially stationary 
position In a stance phase of said stride, means for 
determining angular orientation of said accelerometers 
to said datum plane, means for determining a gait kine- 5 
matic result based on measurements of acceleration by 
said pair of accelerometers and said determined angu- 
lar orientation of said accelerometers to said datum 
plane. 

[0026] The two directions are preferably separated 10 
by an angle of between about 45/ to 1 35/ and more pref- 
erably are substantially mutually perpendicular to facili- 
tate determination of the gait kinematic result. 
[0027] The gait kinematic result can be, for exam- 
ple, details of foot motion, acceleration In a selected is 
direction, velocity in a selected direction or distance in a 
selected direction. The selected direction Is prefierably 
either, parallel to the datum plane and In said plane of 
motion or perpendicular to said datum plane and In said 
plane of motion. 20 
[0028] The device can preferably include a means 
for adjusting for drift en-or correction. A suitable means 
for drift error correction can include a system for deter- 
mining the mean signal of any particular gait signal and 
applying the mean signal to the particular gait signal 25 
prior to integration to determine further gait kinematic 
result. In another embodiment, the means for adjusting 
for drift error con-ection is a system for using known 
physical limits of the derived signal such as, for exam- 
ple, velocity to account for drift. 30 
[0029] Preferably said means for determining angu- 
lar orientation of said accelerometers to said datum 
plane comprises of a pair of spaced substantially paral- 
lel accelerometers mounted in fixed relation to said 
datum plane defining surface and means f3r calculating 3S 
angular orientation based on differences in accelera- 
tions measured by said pair of spaced substantially par- 
allel accelerometers. 

[0030] In one embodiment, useful for gait kinematic 
studies of off-angle feet, a lateral accelerometer is 40 
mounted in a fixed and known relationship to the pair of 
accelerometers and adapted to measure acceleration in 
a third direction selected to be different than the two 
directions and out of the plane of motion. Preferably, the 
lateral accelerometer is substantially perpendicular to 45 
the pair of accelerometers. The device can include a 
means for converting the acceleration measurements 
from the pair of accelerometers and the lateral acceler- 
ometer with angular orientation information to deter- 
mine a gait kinematic result. so 
[0031] In broad terms, the present invention also 
relates to a method of determining gait kinematics com- 
prised during each stride defining a datum plane, deter- 
mining angles between a pair of accelerometers and 
said datum plane, said pair of accelerometers being ss 
adapted to measure acceleration in two directions, the 
two directions being separated by a known angle of 
greater than 0/ and being adapted to measure acceler- 
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ation in a plane of motion substantially perpendicular to 
said datum plane, measuring acceleration in said plane 
of motion in said two directions, converting said acceler- 
ations to provide determination of a gait kinematic result 
for each said stride and adjusting for drift error correc- 
tion in said gait kinematic result. 
[0032] The two directions are preferably separated 
by an angle of between about 45/ to 1 35/ and more pref- 
erably are substantially mutually perpendicular to facili- 
tate determination of the gait kinematic result. 
[0033] The gait kinematic result can be, for exam- 
ple, details of foot motion, acceleration in a selected 
direction, velocity In a selected directton or distance In a 
selected direction. The selected direction is preferably 
either, parallel to the datum plane and in said plane of 
motion or perpendicular to said datum plane and In said 
plane of motion. 

[0034] The step of adjusting for drift error confection 
can be canied out in various ways. In one embodiment, 
the adjusting step Is made prior to the step of converting 
to provide a gait kinematic result while, in another 
embodiment, the adjusting is conducted after the step of 
converting. Adjusting can be made by data modification 
such as in the determination of the accelerations or the 
gait kinematic result or by modification of the deter- 
mined gait kinematic result, such as by employing 
known limitations in the derived signal to adjust for the 
drift error correction. The adjusting step can provide 
correction which reduces or removes the drift error. 
[0035] in one embodiment, the method further com- 
prises one or more integration steps to derive further 
gait kinematic results from the gait kinematic result. 
Adjusting for drift error correction can be conducted in 
any or all of the these Integration steps. As an example, 
In one embodiment, the gait kinematic result Is acceler- 
ation in a selected direction and the method further 
comprises integrating said acceleration in said selected 
direction to determine velocity in said selected direction. 
In such an embodiment, adjusting for drift error confec- 
tion can be made by determining a mean acceleration In 
said selected direction and rsr^av^ag the mean acceler- 
ation from the acceleration in said selected direction 
prior to integrating to determine velocity in said selected 
direction. This adjusting step can be done in each 
stride. Mean values from one stride can be used for drift 
en'or conrection In a subsequent stride. 
[0036] The method can further comprise integrating 
said velocity in a selected direction to determine dis- 
tance traveled in a selected direction and, If desired, 
drift error connection can be made by determining a 
mean velocity in said selected direction and removing 
the mean velocity from the velocity in said selected 
direction prior to integrating to determine distance 
traveled in a selected direction. 
[0037] The datum plane, Is preferably defined when 
the pair of accelerometers are at a selected position rel- 
ative to the datum plane. In particular, preferably, it can 
be determined that the pair of accelerometers are in the 
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selected position by monitoring for foot impact with a 
surtece just prior to the stance phase of the gait. The 
Impact Is defined by, for example, a rapid deceleration 
as determined by the pair of accelerometers or by a 
switch etc. actuated by Impact. In one embodiment, the 5 
fresh datum plane is defined at impact plus 0.1 sec- 
onds, which is an estimate of the time, in a normal run- 
ning stride, when the a sole plane of the foot is at rest on 
a suriiace In the stance phase of the gait. At this point, 
the angle between the accelerometers and the datum w 
plane is reset to its original selected value. The original 
selected value defines the angle between one of the 
accelerometers and the datum plane, when the foot is at 
rest or in the stance phase. For example, where one of 
the accelerometers is positioned parallel to the datum 15 
plane during stance phase, the original selected value 
will be zero. The datum plane resetting can alternatively 
use gait speed or foot plant duration information to mod- 
ify the fresh datum plane selection. 
[0038] In another embodiment, the method further 20 
comprises converting said accelerations to provide 
acceleration substantially parallel to the datum plane 
and integrating said acceleration substantially parallel 
to the datum plane to define stride velocity and, if 
desired, drift error correction can be made by determin- 25 
ing a mean horizontal acceleration and removing the 
mean acceleration substantially parallel to the datum 
plane from the acceleration substantially parallel to the 
datum plane prior to integrating to determine stride 
velocity. 30 
[0039] In one embodiment, the method further com- 
prises integrating said velocity in a selected direction to 
define distance in said selected direction. Drift enror cor- 
rection can be made by determining a mean velocity in 
a selected direction and removing the mean velocity In 35 
a selected direction from the velocity in a selected direc- 
tion prior to Integrating to determine distance in a 
selected direction. 

[0040] Preferably said velocity in a selected direc- 
tion Is averaged over a plurality of strides to provide 40 
p«r — average velocity. 

[0041] In another embodiment, the step of adjusting 
for drift error correction employs known limitations in the 
derived signal. As an example, in a preferred embodi- 
ment the gait kinematics for velocity substantially paral- 45 
lei to the datum plane are determined and the velocity is 
adjusted such that no velocity value is negative, as 
velocity values are limited to a value greater than or 
equal to zero. 

[0042] Preferably said datum plane is defined by so 
the position of a sole plane when said sole plane is at 
rest on a surface in a stance phase of said gait and 
wherein said pair of accelerometers are positioned in 
fixed relationship to said sole plane. 
[0043] Preferably said step of determining angles of 55 
a pair accelerometers is based on measurements of a 
pair of spaced substantially parallel accelerometers 
positioned at a selected angle to said sole plane. 
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[0044] In one embodiment, the method determines 
the gait kinematics in each of a plurality of strides and a 
fresh datum plane Is defined for each stride. 
[0045] Broadly the present invention also relates to 
a device for measuring gait kinematics comprising 
means for mounting palr(s) of accelerometers in a fixed 
relationship to a datum plane defining surface and said 
pair of accelerometers being adapted to measure accel- 
eration in two directions, the two directions being sepa- 
rated by a known angle of greater than 0/, means 
defining a datum plane measured as a plane occupied 
by said datum plane defining surface when said datum 
plane defining surface is in a substantially stationary 
position in a stance phase of said stride, means for 
determining angular orientation of said accelerometers 
to said datum plane, means for determining a gait kine- 
matic result based on measurements of acceleration by 
said pair of accelerometers and said determined angu- 
lar orientation of said accelerometers to said datum 
plane and means for adjusting for drift error correction. 
[0046] The two directions are preferably separated 
by an angle of between about 45/ to 135/ and more pref- 
erably are substantially mutually perpendicular to facili- 
tate determination of the gait kinematic result 
[0047] The gait kinematic result can be, for exam- 
ple, details of foot motion, acceleration in a selected 
direction, velocity in a selected direction or distance in a 
selected direction. The selected direction Is preferably 
either, parallel to the datum plane and In said plane of 
motion or perpendicular to said datum plane and in said 
plane of motion. 

[0048] The means for adjusting for drift error correc- 
tion can include a system for determining the mean sig- 
nal of any particular gait signal and applying the mean 
signal to a selected signal prior to integration to deter- 
mine further gait kinematics. In another embodiment, 
the means for adjusting for drift error correction is a sys- 
tem for using known physical limits of the derived signal 
such as, for example, velocity to account for drift. 
[0049] Preferably said means for determining angu- 
lar orientation of said accele^^^si^^ters to said datum 
plane comprises of a pair of spaced substantially paral- 
lel accelerometers mounted in fixed relation to said 
datum plane defining surface and means for calculating 
angular orientation based on differences In accelera- 
tions measured by said pair of spaced substantially par- 
allel accelerometers. 

[0050] Preferably said device further comprises 
means for converting the accelerations in two directions 
to obtain acceleration in said selected direction. 
[0051] Preferably said device further comprises 
means for converting the acceleration in said selected 
direction to velocity in said selected direction or to dis- 
tance in said selected direction by means of integration. 
[0052] In accordance with another broad aspect fo 
the present Invention, there is provided a device for 
measuring gait kinematics of a stride in a subject having 
an foot comprising means for mounting a pair of accel- 
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erometers in a fixed relationship to a datum plane defin- 
ing sur^ce and said pair of accelerometers being 
adapted to measure acceleration in two substantially 
parallel directions about an axis of rotation defined by 
movement of the foot means defining a datum plane 5 
measured as a plane occupied by said datum plane 
defining surface when said datum plane defining sur- 
face is in a stationary position in a stance phase of said 
stride, and means for calculating angular orientation 
based on differences in accelerations measured by said w 
pair of accelerometers. 

[0053] Preferably the axis of rotation is substantially 
parallel to the subject's sagittal plane and to the datum 
plane defining surface and, In a particularly preferred * 
embodiment, Is that axis about which the foot pronates. is 
[0054] In accordance with another broad aspect, a 
method of determining pronation characteristics of a 
foot during a stride is provided comprising during each 
stride defining a datum plane, determining angular 
acceleration about an axis about which a foot pronates, 20 
converting the angular acceleration relative to the 
datum plane to determine an angle of pronation for the 
foot. 

Brief Description of the Drawings 25 

[0055] Further features, objects and advantages 
will be evident from the following detailed description of 
the preferred embodiments of the present invention 
taken In conjunction with the accompanying drawings in 30 
which; 

Figure 1 is a schematic illustration of leg movement 
during walking or running. 

Figure 2 shows a shoe with accelerometers 35 
mounted thereon. 

Figure 3a and 3b the various angles and movement 
vectors of the shoe. 

Figures 4a. 4b and 4c are graphs of tangential 
acceleration, normal acceleration and angle of tilt of 40 
the foot respectively versus time. 
Figure 5a, 5b and 5c are plots of horizontal acceler- 
ation, foot velocity and speed of travel respectively 
versus time. 

Figure 6 Is a more detailed illustration of the accel- 45 
erometers mounted on the shoe, and schematically 
illustrating their connection to a computer. 
Figure 7 is a flow diagram of one mode of operation 
of the computer. 

Figure lAshows the relationship of the normal, tan- so 
gential and angular acceleration vectors and the 

shoe angle. 

Figure 2A shows how the vectors combine to pro- 
duce the net acceleration vector. 
Figure 3A Is a view similar to Figure 6 but showing ss 
a preferred arrangement. 

Figures 4Aa, 4Ab and 4Ac are plots of upper tan- 
gential acceleration, lower tangential acceleration 



10 

and normal acceleration respectively versus time. 
Figure 5A is a plot of foot acceleration during a sin- 
gle step. 

Figures 6Aa, 6Ab and 6Ac are plots of angular 
acceleration, angular velocity and angular position 
respectively versus time. 

Figure 7A illustrates the accuracy of determined 
foot angle over time. 

Figure 8A is a plot of horizontal acceleration versus 
time. 

Figure 9A is a plot of drifting velocity versus time. 
Figure 1 0A is a plot of foot velocity versus time. 
Figure 11Aand 13Aare plots of angle of foot tilt ver- 
sus time. 

Figure 12A and 14A are plots of horizontal foot 
velocity versus time. 

Figure 15A is a flow diagram similar to that shown in 
Figure 7. 

Figure 16A Is a plot of velocity versus time showing 
correlation of the invention at difiierent stride veloci- 
ties. 

Figure 17A illustrates the determination of acceler- 
ation in a plane parallel to the sagittal plane. 
Figure 18A illustrates the foot pronation angle for a 
person. 

Description of the Preferred Embodiments 

[0056] Figure 1 shows various stages of gait in a 
runner (two complete gait cycles are shown). The foot 
plants on the ground or supporting suriace and comes 
to a complete rest in what is known as the stance phase 
of gait cycle as indicated at Points A in Figure 1 . The 
foot then begins to accelerate as indicated at B in Figure 
1 as the toe prepares to take off. The swing phase Indi- 
cated at C follows as the leg passes through the air. Fol- 
lowing this, the foot decelerates as it prepares to strike 
the ground as indicated at D and then repeats the cyde. 
These accelerations, decelerations and stoppings are 
utilized in the present Invention to determine gait kine- 
matj^?^^sjwill be described below. 
[0057] The fact that the foot plants and it becomes 
at rest or stationary during the stance phase A is used 
to provide a datum position to define a datum plane for 
each stride of the gait thereby eliminating accumulated 
error that would be adherent in the process if it wasnt 
iterated commencing at each stance phase A. 
[0058] The information to permit gait kinematic 
investigations is obtained via suitable sensors prefera- 
bly acceleration sensors (accelerometers) 12 and 14 
and a tilt sensor 16 and this information is fed to a suit- 
able computer 2 that peribrms calculations transferred 
from the data from the accelerometers into the informa- 
tion format for delivery system 3 and displayed in the 
selected format (see Figure 6). 
[0059] The information may be transfen-ed directly 
as represented by the arrow 4 or transferred by a trans- 
mitter 5 and then picked up by a receiver 6 in the display 
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unit. 

[0060] Two accelerometers 12 and 14 are mounted 
on the heel counter of shoe 10. While the accelerome- 
ters can be disposed at any known and fixed position 
relative to each other to measure acceleration In two 5 
directions. Preferably, accelerometers 12 and 14 are 
mutually substantially perpendicular to facilitate data 
generation. A tilt sensor 16 (see Figure 6) is also 
mounted on the heel counter of shoe 10. Accelerome- 
ters 12 and 14 and tilt sensor 16 are in fixed position rel- io 
ative to a datum plane defining surface, which In the 
illustrated embodiment Is a plane 1 1 defined by the sole 
of the shoe 10 as will be described below. The acceler- 
ometers are preferably (but not necessarily) orthogo- 
nally mounted as shown such that in the neutral i5 
standing position one is oriented vertically and one hor- 
izontally (Figure 2). The vertical accelerometer 14 Is 
refienned to as the normal accelerometer and the hori- 
zontal accelerometer 12 Is refenred to as the tangential 
accelerometer. These accelerometers measure the 20 
accelerations of the foot as the leg traverses through a 
plane parallel to the sagittal plane. While it is preferred 
to align these with one accelerometer (e.g. accelerome- 
ter 12) substantially parallel to the sale plane 1 1 and the 
other 14 substantially perpendicular thereto this is not 25 
essential. 

[0061] The tilt angle is the angle between a datum 
plane 100 which (Figure 3a), as will be described below 
Is defined by a surface represented by the sole plane 1 1 
of the foot or shoe 1 0. The sole plane 1 1 has a fixed ori- 30 
entation relative to the two accelerometers 12 and 14, 
(i.e. the sole of the shoe 10 defines a plane and the 
position of the sole on the shoe 10 In the stance position 
of the gait defines the datum plane 100 for the next 
stride). The angle Is the Instantaneous angle between 35 
the plane. 11 defined by the sole and the previously 
defined datum plane 100 for that particular stride (see 
Figure 3a). 

[0062] As the shoe 10 is tilted during the stride, the 
accelerometers 1 2 and 14 measure the accelerations 40 
and dn in their respective directions as^i^^^^ted in Fig- 
ure 3a. Knowing the foot angle at any point In time, 
these accelerations may be resolved Into their compo- 
nents in the selected direction, but normally are 
resolved to a direction substantially parallel to the direc- 45 
tion of the plane 100 (refen-ed to below as the horizontal 
direction as it will generally be approximately horizontal) 
and then added together (with vectors) yielding the net 
acceleration In the horizontal direction (see Figure 3b). 
[0063] Since the accelerometers are mounted In so 
the plane of motion 102 (see Figure 3b) the net acceler- 
ation is also parallel to the plane of motion 102, i.e. the 
direction In which the stride Is taken. This gait kinematic 
result for horizontal acceleration can be calculated by 
tiie following equation: 55 

a^=a J cos ()-a„sin () 



where 

- acceleration In horizontal direction 
= acceleration of tangential accelerometer 12 
a^, = acceleration of normal accelerometer 14 
= angle of tilt of accelerometer 12 (I.e. sole 1 1 of 
shoe 10 with respect to plane 100 which in nor- 
mal operation will represent the ground or sur- 
fiace on which the stiide is taking place.) 

[0064] Figures 4a, b, c show typical data gathered 
over several gait cycles for the two mutually perpendic- 
ular accelerometers 12 and 14 and tilt sensor 16 versus 
time in second(s). This includes data collected by the 
tangential accelerometer (Figure 4a), by the normal 
accelerometer 14 (Figure 4b) and finally. Figure 4c 
shows tiie angle of foot tilt through the gait cycles. 
[0065] The net horizontal acceleration a^, shown in 
Figure 5a, Is integrated to yield the foot velocity as a 
function of time (Figure 5b). This velocity Is averaged 
over several studies (three studies or cycles in this 
example) to yield the mean speed of ti^vel shown as a 
sti^lght line In Rgure 5c. The mean velocity of the 
walker/runner, over the given time interval, corresponds 
with the calculated mean horizontal foot velocity during 
the same time period. 

[0066] Other gait kinematic results may also be 
easily derived from the measured data. These Include, 

but are not limited to, stiide rate, sti-ide length, total dis- 
tance ti3veled as well as angular velocities and acceler- 
ations. 

Primary Components 

[0067] As above described, the gait speedometer 
shown in Figure 8 includes two linear accelerometers 
and an inclinometer or tilt sensor 16 all amounted on the 
ankle or shoe 10 In fixed relation to the datum plane 
defining surface or sole 1 1 . The required characteristics 
of tiie accelerometers and Indlnometer/tilt sensor will 
be described and specific prototype selections that 
have been tested or considered are listed below. 

Accelerometers: 

[0068] 

The accelerometer tiBnsducers are mounted on the 
foot or shoe. It Is necessary that they must not inter- 
fere or Influence natural gait; this requires that they 
are small and lightweight. 

The device may be battery powered; this requires 
that the primary components and associated cir- 
cuits possess low-power consumption characteris- 
tics. 

Human and many animal gaits are a very low fre- 
quency phenomenon; the accelerometers used In 
this device must be able to measure down to these 
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frequencies. 

The acx^elerometer cluster is mounted on the foot or 
shoe and will thus be subjected to large impact 

forces and abuse. It is necessary that the acceler- 
ometers be rugged and durable to be able to sur- 5 
Vive in this environment. 

The linearity, repeatability and noise levels must be 
such that the accuracy of measurement Is accepta- 
ble Ibr the application. 

10 

[0069] The accelerometers used in the develop- 
ment work of this invention are manufactured by Analog 
Devices (part no.'s ADXL50 and ADXL1 50/250). These 
accelerometers make use of micro-machining tech- 
niques to build the transducer into a silicon chip. This 15 
accounts for the small size, lower power consumption 
and accuracy of the devices. 
[0070] The invention described herein is not limited 
to the above mentioned accelerometer family. Other 
accelerometers are cunrently produced or are under 20 
development by different manufacturers and could be 
considered for this purpose. As well, other accelerome- 
ter technologies are candidates for this Invention includ- 
ing strain-gauge and plezo-electric types. 

25 

Inclinometersn'ilt Sensors: 
[0071] 

• The transducer is mounted on the foot or shoe. It is 30 
necessary that it must not interfere or influence nat- 
ural gait; this requires that it be small and light- 
weight. 

• The device may be battery powered; this requires 
that the primary components and associated cir- 35 
cuits possess low-power consumption characteris- 
tics. 

• The transducer cluster is mounted on the foot or 
shoe and will thus be subjected to large impact 
forces and abuse. It is necessary that the Inclinom- 4o 
eters or tilt s^uSJ^^ rugged and durable to be 
able to survive in this environment. 

• The linearity, repeatability and noise levels must be 
such that the accuracy of measurement is accepta- 
ble for the application. 45 

• To be able to determine the foot angle, many 
approaches are possible. It is possible to measure 
the foot angle directly by means of a tilt sensor or 
other suitable device. It is possible to measure the 
fioof s angular velocity by means of a rate gyro or so 
other suitable device and then integrate the signal 
once to determine the foot angle. It is possible to 
measure the foot's angular acceleration by means 

of an angular rotation accelerometer or other suita- 
ble device and then integrate the signal twice to 55 
determine the foot angle. 

Signal processing a pair of spaced parallel acceler- 
ometers to extract tilt information from the foof s 



angular acceleration, wilt be described in more 
detail herein below as it is the preferred system for 
determining the angle. 

Signal Conditioning: 

[0072] Full implementation of the gait speedometer 
Includes signal measurement 20, signal conditioning 22 
which includes processing components such as amplifi- 
ers, filters and signal processing 24. A signal path or 
flow diagram shown in Figure 7 outlines the process. 
Signals emerge from the three primary transducers 
(normal and tangential accelerometers and inclinome- 
ter) and pass through signal conditions 22 which 
includes signal conditioning 26. by applying zero adjust- 
ments, gains, filters, etc. and analog to digital conver- 
sion 28. These signals from the accelerometers 12 and 
14 are then combined using the angle to determine a 
gait kinematic result such as, for example, acceleration 
in a selected direction, velocity in a selected direction or 
distance in a selected direction. The simplest calcula- 
tion is that for acceleration In a selected direction such 
as net horizontal acceleration 34. From acceleration in a 
selected direction instantaneous foot velocity I.e. hori- 
zontal velocity 36 and mean velocity 38 may be deter- 
mined. 

Gait Parameter Calculation and Display: 

[0073] Once the instantaneous foot velocity has 
been determined 36. it may if desired be transmitted via 
a wireless transmitter/receiver pair 5, 6 or signal wires 4 
to a calculation/display unit 3 (such as a wristwatch 
sized device, portable calculation device or desktop 
computer) to store and display various velocity parame- 
ters along with many other gait indications (see Figure 
6). 

More Preferred Embodiment 

[0074] A second embodiment of the invention is 
shown and will be described with reference to Figures 
1A to 16A inclusive. Like reference numerals are used 
to Indicate like parts in all embodiments. 
[0075] Accelerometers are placed on the foot in 
essentially the same manner as described above so 
that the normal accelerations, a^,, tangential accelera- 
tions, af , and angular accelerations, □, preferably about 
the intersection 104 of the tangential and normal accel- 
eration vectors and a„ respectively can be simultane- 
ously measured (see Figure 1A). The normal 
accelerometer measures 14 acceleration perpendicular 
to the base or sole 11 of the foot or shoe 10 which as 
above described provides the datum plane 100 defining 
suriiace 11 that defines the datum plane 100 for each 
stride when the sole 11 Is at rest in the stance phase A 
of each stride. The tangential accelerometer 12 Is sen- 
sitive to accelerations parallel to the base or sole 11 of 
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the foot or shoe 10. The absolute direction of these 
accelerations vary continuously as the foot moves 
through a gait cycle. The measured angular accelera- 
tion is integrated twice to yield the foot angle . This 
angle Is then used to resolve the normal and tangential 
accelerations into a net horizontal acceleration as 
shown in Figure 2A. The horizontal acceleration is then 
Integrated to find the velocity of the foot as a function of 
time. The subject's mean speed of travel is determined 
by averaging the loot velocity over an Integer number of 
foot strides. 

[0076] The term horizontal or net horizontal accel- 
eration velocity etc. Is used for convenience as though 
the vector is horizontal i.e. parallel with a horizontal 
datum plane 100. This vector will normally be parallel to 
the datum plane 100 and the plane of motion 104. it also 
will be apparent that these vectors may be resolved Into 
any selected plane or direction i.e. horizontal, vertical or 
somewhere in between. 

[0077] It was chosen to place accelerometers on 
the foot because the foot follows a regular pattern of 
acceleration and deceleration as the foot travels through 
the air and comes to rest on the ground for each stride 
as indicated by the segments A, B, C and D of the stride 
in Figure 1 . The small stationary period of time when the 
foot rests on the ground provides a useful point of refer- 
ence for each stride and is used to define the datum 
plane 100 for each stride. With this method, each stride 
Is independently measured and thus there is no accu- 
mulating error if the measurement were Interconnected, 
it makes no assumptions regarding stride length, gait 
type (walking, jogging or running) and it accounts for the 
flight phase of a running gait. 
[0078] Three accelerometers (two tangential 12A 
and 12B and a normal 14) are mounted on a small alu- 
minum bracket 200 fastened via a leveling wing 202 by 
two screws 204 to the heel counter of a shoe 10 as 
shown in Figure 3A. The upper and lower accelerome- 
ters 12Aand 12B provide a pair of spaced substantially 
parallel accelerometers that measure tangential accel- 
erations, while the middle normal accelerometer 14 
measures the normal acceleration. The angular accel- 
eration is determined by taking the difference of the 
accelerations generated by the upper and lower accel- 
erometers divided by the distance between them 
(shown in Figure 3A by the distance r). It is prefenred 
that these accelerometers 12A and 128 be equally 
spaced from accelerometer 14, but this is not essential. 
The net tangential acceleration of the foot preferably is 
taken as the average of the upper and lower tangential 
accelerometers. This data is delivered to a computer 2 
that then determines the acceleration, velocity arid 
other information which may be delivered to the use, for 
example, by audio or visual means such as an ear- 
phone or digital or analogue visual display or any other 
suitable means schematically indicated at 3. 
[0079] Suitable accelerometers are those made by 
Analog Devices (type ADXL50AH). An analog signal 
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generated by such an accelerometer can be converted 
to a digital signal in a converter 28 (Figure 15A). 

Signal Processing and Analysis 

5 

[0080] Typical normal and tangential accelerations 
for strides (4 in this example) of a subject jogging at 3 
m/s (7 mph) are shown in Figure 4A. A dose-up of a 
tangential signal from the first stride shown in Figure 4A 

10 is shown in Figure 5A. The initial sharp spike conre- 
sponds to foot impact. The flatter section of the signal in 
the segment immediately following Impact, is the stance 
phase of the gait. The negative dip In the acceleration 
just after toe-off corresponds to the heel being raised as 

15 the knee flexes. The positive acceleration during the 
middle portion of the swing phase corresponds to the 
foot accelerating forward. During the latter portion of the 
swing phase, as the foot is slowed down in preparation 
for contact with the ground, there Is a period of negative 

20 acceleration. 

[0081] Stride beginning and ending locations were 
found from the impact spikes when the subject's foot 
struck the ground. An algorithm based on finding a local 
maximum after the acceleration crosses a variable 

25 threshold value was used to find the impact spikes. The 
foot decelerates to a low speed before striking the 
ground but does not actually reach zero velocity until 
just slightly after impact. A location of approximately 0.1 
seconds after foot strike was chosen to denote the 

30 beginning of a stride since this is approximately where 
the foot velocity is zero. This position is used to deter- 
mine the datum plane 100 which con-esponds with the 
plane of the sole 1 1 at this point in time. The time of 0.1 
seconds works well for a normal human run. However, 

35 adjustments may be required where the gait is a walk or 
sprint. 

Foot Angle 

40 [0082] ft is preferred to measure angular accelera- 
tion and then integrate twice^j^^itmine the foot angle 
* The measurement of the angular acceleration Is 
accomplished by taking the difference between two par- 
allel tangential accelerometers 12A and 12B. 

45 [0083] After dividing the sequence into strides, the 
foot's angular position is determined. Coordinates are 
chosen so that the tilt is considered zero when the foot 
is in the zero velocity position i.e. the stance phase of 
the gait selected at 0.1 seconds after the foot strike I.e. 

50 a 0.1 second offset, and positive when the toe was 
pointed upwards as shown in Figure 1A, The foot's 
angular acceleration is found by subtracting the upper 
tangential acceleration, a^^, from the lower tangential 
acceleration, ai2. The angular acceleration is radi- 

55 ans/sec^, □ , Is calculated by dividing by the distance 
between the two accelerometers as indicated at 300 in 
Figure 15A. 
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[0084] The resulting angular acceleration, from the s 
data shown in Figure 4A, is shown in Figure 6Aa. This 
data was then integrated using an accunrtulating sum 
and the resulting angular velocity, cd (In radians/sec) as 
shown in Figure 6Ab. This result was once again Inte- 
grated to produce the foot angle, , shown in Figure 6Ac. io 
Note how the very noisy and non-descrlpt appearing 
signal In Figure 6Aa Is transformed into a very regular, 
smoothed function In Figure 6Ac. Low frequency drift is 
evident In the foot angle signal. 

[0085] A prefian-ed method to convert drift Is to first is 
determine the mean angular acceleration D/nean 3^ 
cated at 302 and to remove zero offset drift from □ and 
(D by subtracting each signal's mean for each individual 
stride before integrating as Indicated at 304 in Figure 
1 5A to define angular velocity ox 20 
[0086] The mean angular velocity co^ean 's deter- 
mined as indicated at 306 in Figure 15A and then used 
to compute the angle as Indicated at 308 and the posi- 
tion of the datum plane 100 using the offset ^ (0.1 sec- 
onds) described above as Indicated at 310. 25 
[0087] Figure 7A shows the foot angle that results 
from the zeroing and integrating method on the data 
from Figure 6Aa (the zeroing and Integrating is applied 
twice; once in the conversion of □ and cd and once again 
in going from 00 to). It is seen that It compares well with 30 
the independent from the infiared camera system that 
was used to film the subject. 

[0088] When the accelerometers are stationary and 
in a preferred configuration (ie. on the heel or on the 
laces), the indicated signal levels of the accelerometers 35 
can be adjusted to zero. This will correct for temperature 
drift and individual sensor biases. 
[0089] When the sensor cluster is attached at some 
other angle on the shoe, the indicated sensor angle In 
this orientation is used as a reference shoe angle that Is 40 
used in conjunction with foot angle reset. In particular. 
Instead of resetting the foot angle to zero on every foot 
strike, as is done in the heel mount position, the foot 
angle is set to the starting reference shoe angle for each 
new stride. 45 

Foot Velocity 

[0090] Components of the tangential and normal 
acceleration are preferably combined using the foot tilt so 
angle to find the horizontal acceleration, a^. 

(3f7+a,2) 
a^ = ^ cos(;-a„sin() 



From the measured acceleration data in Figure 4A and 
the calculated foot angle shown in Figure 7A, the result- 



ing horizontal acceleration Is shown In Figure 8A. An 
integration of a^, yields velocity parallel to plane 100 
(or with appropriate changes any other selected direc- 
tion) as a function of time, as shown In Figure 9A. It is 
seen that this signal also has low frequency drift. To cor- 
rect the drift, zero offset was removed from the net hor- 
izontal acceleration since the horizontal velocity is zero 
at the beginning and end of each cycle. Figure 10A 
compares the velocities computed fi^om the camera sys- 
tem and the velocities from using the zeroing and inte- 
grating algorithm on the acceleration data. Excellent 
agreement is seen in the form of the two curves. The 
final mean velocities agree to within a few percent. 
[0091] A further improvement In results Is usually 
achieved by using the assumption that the minimum foot 
velocity Is zero. This suggests that if any part of the 
entire velocity curve dips below zero there has been 
some small error somewhere. If the error has not cor- 
rupted the shape of the curve, it can be con-ected by 
simply shifting the entire curve up so that the new mini- 
mum is exactly zero. 

[0092] Generally, when the two parallel accelerom- 
eters are used to determine □, It is prefenred to use the 
average of these two measurements to determine the 
mean, in this example the mean tangential acceleration, 
as indicated at 350 and generate a mean velocity as 
indicated by steps 34, 35, 36, and 38 described above 
and also shown in Figure 15A. 

Results using the Preferred Embodiment 

[0093] For the sake of coherence, all of the figures 
that have been shown so far have been of the same 
trial, a 3m/s jog. Figures 1 1 A and 12A show the critical 
parameters, namely the foot angle, , and foot velocity, 
for a 1 .3 m/s walk, while Figures 13A and 14A show 
the same for a 3.8 m/s run respectively. In these figures, 
the calculated values from the method described herein 
are compared to video camera analysis of the same 
parameters. It is observed that there Is excellent overall 
agree^^tifiSngi^een the foot angle and foot velocKy for 
these cases. 

[0094] Figure 16A shows a controlled experiment 
where the speed of a treadmill was selectively 
increased and the jogging speed of the runner meas- 
ured using the present Invention. The stopped line 
shows treadmill speed while the other plot Is the results 
using the present invention. It is apparent that the 
results obtained using the present invention correlate 
very well with the actual speeds of the treadmill. 

Gait Kinematics for Off-Angled Feet 

[0095] The device and method described hereinbe- 
fore in this section assumes that during normal gait a 
subject's leg primarily swings through a plane parallel to 
that subject's sagittal plane. For ease of reference, the 
plane parallel Is defined herein as the sagittal plane. 
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While this assumption worl<s well for most subjects, in 
some the foot is not aligned in this plane during all or a 
portion of leg swing. Thus, although the foot moves 
through the desired plane, the foot is off-angled either 
Inwardly (sometimes called medially rotated or "pigeon- 5 
toed") or outwardly of the sagittal plane {sometimes 
called laterally rotated or "duck walk"). These foot align- 
ments will cause an enror In the measurements of the 
accelerometers. In particular, the accelerometers will 
only measure a portion of the actual acceleration and, 10 
therefore, the measured acceleration will be less than 
the actual acceleration. 

[0096] To correct for the problem of off-angled feet, 
an additional accelerometer can be used, termed herein 
as the lateral accelerometer, which measures In a direc- is 
tion that Is out of the plane of motion and, preferably, 
substantially perpendicular to the accelerometers cur- 
rently used (12 and 14 in Figure 2). With reference to 
Figure 3b, the lateral accelerometer would be aligned in 
the z-dlrectlon. Referring to Figure 17A, the accelera- 20 
tion derived from the lateral accelerometer a^. If we 
consider a plan view of the shoe In movement through 
the sagittal plane where: 

at = tangential acceleration 

= lateral acceleration 
83 = sagittal plane acceleration 
a = angle firom sagittal plane. 

[0097] The acceleration In the sagittal plane, can 30 
be computed from 

2 2 

[0098] The value of the sagittal acceleration (posi- 35 
tlve or negative) can be determined from the sign of aj. 
The angle, a, can be found from 

-1 

a = tan 40 

Both of these quantities are computed for each time 
step. The sagittal acceleration in this model is treated as 
the tangential acceleration In the 2-D model and can by 45 
used with the normal acceleration to determine further 
gait kinematic results. In an alternate embodiment, the 
normal acceleration can be combined with the lateral 
acceleration first and then combined with the tangential 
acceleration. so 

Pronation 

[0099] A device according to the present invention 
is useful for determining the degree of pronation in a ss 
person's gait. Refemng to Figure 18A, a person's foot 
sometimes rolls when viewed from the front or rear. This 
is termed pronation. In assessing the degree of prona- 



tion of a person, the angle y between a plane parallel to 
the sagittal plane and the angular orientation of a per- 
son's foot Is measured. To be able to measure this 
angle, the angular acceleration In this transverse plane 
can be recorded and then double integrated. This angu- 
lar acceleration can be measured using a pair of parallel 
spaced accelerometers positioned to record accelera- 
tion in a plane perpendicular to the sagittal plane. 
[0100] Alternately, the angular acceleration can be 
determined by a dedicated angular accelerometer. 
Alternatively, an angular rate sensor could be used to 
measure angular velocity and this signal could be inte- 
grated to indicate the desired angle, y. Alternatively, a 
direct means of angle measurement could alternately 
be used for this purpose. 

[0101] Drift may be present in the signal. This drift 
can be removed by resetting the angle y at each toot 
impact. Where the determination of an absolute angle 
measurement is not required, resetting pronation foot 
angle y may not be necessary. In this case, it may be 
desirable to obtain an indication of the amplitude of the 
roll angle by noting the minimum and maximum roll 
angles during each stride. 



[0102] Many running injuries are caused from 
excessive forces imparted to the body during the foot- 
strike portion of the gait. This Includes shin splints, 
stress fractures and various joint problems. When a per- 
son has these problems, it Is often suggested that It Is 
something in their running style (stride length, heel vs. 
mid-strike landing), cunrent running shoes or running 
surfiace that is the culprit. Remedies are suggested and 
sometimes temporary success is found, only to return 
again. The difficulty with this type of problem is In its 
diagnosis and, in particular, how to determine which of 
these potential contributing factors is the problem. 
There are no low-cost measurement tools to determine 
the impact forces. 

[0103]<aBab!^[£:^well known that force and acceleration 
are directly related to each other from Newton's first law 

F=ma 

[0104] In a method according to the present inven- 
tion, all necessary information is available to determine 
the acceleration of interest. 

[0105] To compare Impact forces over a variety of 
scenarios, it is not necessary to have an absolute force 
measurement, but instead a relative force measurement 
will suffice. In particular, if it Is determined that one 
uncalibrated force is some level, FO, one can observe 
how this level changes with any of the various factors 
(stride length, landing position, running shoes, surfece, 
length of run, etc). 

[0106] This method permits a runner, for example, 
to test out various running styles, running shoes and 
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running surfaces and be able to determine in real time 
which factor most largely affects the Impact forces. 

Summary 

5 

[0107] It will be apparent that the invention may be 
used for many applications other than those described 
above including general kinematic measurements in 
one, two or three dimensions depending on the number 
and positron of the accelerometers and angle measure- io 
ment devices. Thus the Invention may be used In robotic 
controls, linkage and trajectory analysis, for example. 
Clearly, the invention finds specific application In the 
biomedical field in prosthetics and as gait speedome- 
ters for walkers, runners or other athletes. Note that the is 
use of this device Is not limited to human applications. 
[01 08] A primary advantage of the described inven- 
tlon, is that all calculated gait parameters are available 
as a function of time. This opens up a wide range of 
real-time post-processing possibilities for use in scien- 20 
tific analysis and control operations. 
[0109] While the disclosure has described the 
accelerometers, etc. mounted on the counter of the 
shoe 10 they may be mounted at any appropriate loca- 
tion in fixed relation to the datum plane defining surface 25 
11 or other such means. For example, they could be 
mounted to the shoe laces, pinned to the side of the 
shoe, built Into the sole of the shoe or strapped to the 
foot. 

[0110] Having described the invention, modifica- 30 

tions will be evident to those skilled In the art without 
departing from the spirit of the invention as described 
above. 

Claims 35 



3. The method as defined in claim 1 wherein the gait 
kinematic result is selected from the group consist- 
ing of acceleration in a selected direction, velocity 
in a selected direction or distance in a selected 
direction. 

4. The method as defined in claim 3 wherein the 
selected direction is parallel to the datum plane and 
in said plane of motion. 

5. The method as defined in claim 3 wherein the 
selected direction is perpendicular to said datum 
plane and in said plane of motion. 

6. The method as defined In claim 3 further compris- 
ing Integrating the acceleration In a selected direc- 
tion to determine velocity in a selected direction. 

7. The method as defined in daim 3 further compris- 
ing integrating velocity in a selected direction to 
define distance traveled in a selected direction. 

8. The method as defined in daim 1 wherein the fresh 
datum plane is preferably defined when the pair of 
accelerometers are at a selected position relative to 
the datum plane. 

9. The method as defined In daim 8 wherein the pair 
of accelerometers are in the selected position as 
indicated by foot Impact with a surface just prior to 
a stance phase of the gait. 

10. The method as defined in daim 9 wherein the fresh 
datum plane is defined at foot impact plus 0.1 sec- 
onds 
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The embodiments of the invention in which an 
exdusive property or privilege Is daimed are defined as 
follows: 

1. A method of determining gait kinematics for a sub- 
ject in each of a plurality of strides comprised dur- 
ing each stride defining a fresh datum plane, 
determining angles between a pair of accelerome- 
ters and said datum plane, said pair of accelerome- 
ters being adapted to measure acceleration in two 
directions, the two directions being separated by a 
known angle of greater than 0/, and being adapted 
to measure acceleration in a plane of motion sub- 
stantially perpendicular to said datum plane, meas- 
uring acceleration in said plane of motion In said 
two directions, converting said accelerations to pro- 
vide determination of a gait kinematic result for 
each said stride. 

2. The method as defined in claim 1 wherein the two 
directions are substantially mutually perpendicular. 



11. The method of claim 1 wherein the gait kinematic 
result is horizontal acceleration and the method fur- 
ther comprising integrating said horizontal acceler- 
ation to define stride velocity. 

12. The method of claim 1 wherein the gait kinematic 
result Is velocity in a selected direction and the 
method further comprises integrating said velocity 
in a selected direction to define distance in said 
selected direction. 

13. The method as defined in claim 1 further compris- 
ing adjusting for drift emor conBCtion. 

14. The method as defined in claim 1 further compris- 
ing determining the subject's mass and using the 
mass to determine impact force. 

15. The method as defined in claim 1 further compris- 
ing measuring acceleration in a lateral direction out 
of the plane of motion and converting said acceler- 
ations measured by the pair of accelerometers and 
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the lateral accelerometer to provide acceleration in 
a selected direction. 

16. The method as defined in claim 15 wherein the lat- 
eral direction is substantially perpendicular to each 5 
of the pair of accelerometers. 

17. A device for measuring gait kinematics comprising 
means for mounting a pair of accelerometers in a 
fixed relationship to a datum plane defining surface, io 
said pair of accelerometers being adapted to meas- 
ure acceleration in two directions, the two directions 
being separated by a Icnown angle of greater than 

0/, means defining a datum plane for each stride for 
which said gait kinematics is measured as a plane i5 
occupied by said datum plane defining sur^ce 
when said datum plane defining surface is in a sta- 
tionary position in a stance phase of said stride, 
means for determining angular orientation of said 
accelerometers to said datum plane, means for 20 
determining a gait kinematic result based on meas- 
urements of acceleration by said pair of accelerom- 
eters and said determined angular orientation of 
said accelerometers to said datum plane. 

25 

18. The device of daim 17 wherein the two directions 
are substantially mutually perpendicular. 

19. The device of daim 17 wherein the gait kinematic 
result is selected fifom the group consisting of 30 
acceleration in a selected direction, velocity in a 
selected direction or distance in a selected direc- 
tion. 

20. The device of claim 19 wherein the selected direc- 35 
tlon is parallel to the datum plane and in said plane 

of motion. 

21. The device of claim 17 further comprising a means 

for adjusting for drift error correction. 40 

22. The device of daim 1 7 wherein the means for deter- 
mining angular orientation of said accelerometers 
to said datum plane comprises of a pair of spaced 
substantially parallel accelerometers mounted in 45 
fixed relation to said datum plane defining surface 
and means for calculating angular orientation 
based on differences in accelerations measured by 
said pair of spaced substantially parallel acceler- 
ometers. 50 

23. The device of claim 17 wherein the pair of acceler- 
ometers is adapted to measure the acceleration in 
a plane of motion, and the device further compris- 
ing a lateral accelerometer mounted in a fixed and ss 
known relationship to the pair of mutually perpen- 
dicular accelerometers and adapted to measure 
acceleration In a third direction selected to be out of 



the plane of motion. 

24. The device of daim 23 wherein the lateral acceler- 
ometer is substantially perpendicular to the pair of 

accelerometers. 

25. A method of determining gait kinematics comprised 
during each stride defining a datum plane, deter- 
mining angles between a pair of accelerometers 
and said datum plane, said pair of accelerometers 
being adapted to measure acceleration in two 
directions, the two directions being separated by a 
known angle of greater than 0/ and being adapted 
to measure acceleration in a plane of motion sut)- 
stantially perpendicular to said datum plane, meas- 
uring acceleration in said plane of motion in said 
two directions, converting said accelerations to pro- 
vide determination of a gait kinematic result for 
each said stride and adjusting for drift error correc- 
tion in said gait kinematic result. 

26. The method of daim 25 wherein the pair of acceler- 
ometers are substantially mutually perpendicular 

27. The method of daim 25 wherein the gait kinematic 
result is selected from the group consisting of 
acceleration in a selected direction, velocity in a 
selected direction or distance In a selected direc- 
tion. 

28. The method of daim 25 wherein the adjusting step 
is made prior to the step of converting to provide the 
gait kinematic result. 

29. The method of daim 25 wherein the adjusting step 
is conducted after the step of converting to provide 
the gait kinematic result. 

30. The method of claim 25 wherein the step of adjust- 
ing indudes employing known limitations in the gait 
kinematic result 

31. The method of claim 30 wherein any velodty in a 
selected direction results are adjusted to remove 
any negative velocity results therefrom. 

32. The method of claim 25 further comprising an inte- 
gration step to derive further gait kinematic results 
from the gait kinematic result and adjusting for drift 
error correction In the integration steps. 

33. The method of daim 25 wherein the gait kinematic 
result is acceleration In said selected direction and 
the method further comprises integrating the accel- 
eration in a selected direction to define velocity in 
said selected direction. 

34. The method of daim 33 further comprising deter- 
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mining a mean acceleration in said selected direc- 
tion and removing the mean acceleration from the 
acceleration in said selected direction prior to Inte- 
grating to determine velocity In said selected direc- 
tion. 5 

35. The method of claim 34 conducted for each of a 
plurality of strides. 



surface is in a stationary position in a stance phase 
of said stride, means for determining angular orien- 
tation of said accelerometers to said datum plane, 
means for determining a gait kinematic result based 
on measurements of acceleration by said pair of 
accelerometers and said determined angular orien- 
tation of said accelerometers to said datum plane 
and means for adjusting for drift error correction. 



36. The method of claim 34 wherein the mean acceler- io 
ation in a selected direction Is obtained from a pre- 
viously determined gait kinematic result. 

37. The method of claim 25 wherein the gait kinematic 
result is velocity in a selected direction and the is 
method further comprises integrating said velocity 

in a selected direction to define distance traveled in 
a selected direction. 

38. The method of claim 37 further comprising deter- 20 
mining a mean velocity in said selected direction 
and removing the mean velocity from the velocity in 
said selected direction prior to integrating to deter- 
mine distance traveled in a selected direction. 

25 

39. The method of claim 25 wherein the gait kinematic 
result is horizontal acceleration and the method fur- 
ther comprising integrating said horizontal acceler- 
ation to define stride velocity. 

30 

40. The method of daim 39 further comprising deter- 
mining a mean horizontal acceleration and remov- 
ing the mean horizontal acceleration from the 
horizontal acceleration prior to integrating to deter- 
mine stride velocity. 35 

41. The method of claim 25 wherein the gait kinematic 
result is velocity In a selected direction and the 
method further comprises integrating said velocity 

in a selected direction to define distance in said 40 
selected direction. 

42. The method of claim 41 further comprising deter- 
mining a mean velocity in a selected direction and 
removing the mean velocity in a selected direction 45 
from the velocity in a selected direction prior to inte- 
grating to determine distance in a selected direc- 
tion. 



44. The device of claim 43 wherein the two directions 
are substantially mutually perpendicular. 

45. The device of daim 43 wherein the gait kinematic 
result is selected from the group consisting of 
acceleration in a selected direction, velocity in a 
selected direction or distance in a selected direc- 
tion. 

46. The device of claim 43 wherein the selected direc- 
tion is parallel to the datum plane and in said plane 
of motk)n. 

47. The device of daim 43 wherein the means for 
adjusting for drift error correction is a system for 
determining the mean signal of any particular gait 
signal and applying the mean signal to the particu- 
lar signal prior to integration to determine further 
gait kinematic results. 

48. The device of claim 43 wherein the means for 
adjusting for drift error correction is a system for 
using known physical limits of the derived signal to 
account for drift. 

49. A device for measuring gait kinematics of a stride in 
a subject having a foot, the device comprising 
means for mounting a pair of accelerometers in a 
fixed relationship to a datum plane defining suriiace, 
said pair of accelerometers being adapted to meas- 
ure acceleration in two substantially parallel direc- 
tions about an axis of rotation defined by mcvGms?:t 
of the foot, means defining a datum plane meas- 
ured as a plane occupied by said datum plane 
defining surface when said datum plane defining 
surface is in a stationary position In a stance phase 
of said stride, and means for calculating angular ori- 
entation based on differences in accelerations 
measured by said pair of accelerometers. 



43. A device for measuring gait kinematics comprising 
means for mounting a pair of accelerometers in a 
fixed relationship to a datum plane defining surface 
and said pair of accelerometers being adapted to 
measure acceleration in two directions, the two 
directions being separated by a known angle of 
greater than 0/, means defining a datum plane 
measured as a plane occupied by said datum plane 
defining surface when said datum plane defining 



50 50. The device of daim 49 wherein the axis of the foot 
is substantially parallel to the subject's sagittal 
plane and with the datum plane defining surface. 

51. The device of daim 49 wherein the axis of rotation 
55 is that about which is defined pronation. 

52. A method of determining pronation characteristics 
of a foot during a stride comprising during each 
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stride defining a datum plane, determining angular 
acceleration about an axis about which a foot pro- 
nates, converting the angular acceleration relative 
to the datum plane to determine an angle of prona- 
tion for the foot. 
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